The quality of cardiopulmonary resuscitation (CPR) affects hemodynamics, survival, and neurological outcomes following pediatric cardiopulmonary arrest (CPA). Most health care professionals fail to perform CPR within established American Heart Association guidelines.
quality of CPR directly affects hemodynamics, survival, and neurological outcomes following cardiopulmonary arrest (CPA). [3] [4] [5] [6] [7] [8] [9] Unfortunately, health care professionals struggle to retain effective chest compression (CC) skills after basic life support or advanced cardiac life support training.
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Even well-trained health care professionals fail to consistently perform CPR within established American Heart Association (AHA) guidelines during CPA.
8, [13] [14] [15] [16] [17] Video-based instruction can be just as or more effective than traditional life support courses to teach CPR skills. [18] [19] [20] [21] [22] [23] [24] In these studies, learners watched an educational video and were given opportunity to practice but did not receive feedback on the quality of CPR, and the training was not "just-in-time" (JIT). The JIT bedside CPR practice with audiovisual feedback (but without a video component) targeted to health care professionals with a high likelihood of needing to deliver in-hospital CPR was found to improve compliance with AHA CPR-quality guidelines on manikins and real children during CPA. [25] [26] [27] [28] What is unknown is whether JIT CPR visual feedback (VisF) training with videobased instruction before CPA or real-time VisF during CPR, alone or in combination, is effective in improving CPR quality. The CPR feedback devices provide visual or auditory feedback based on quantitative CPR metrics during CPA and have been shown to improve the quality of CCs when used during training 29 and during real CPA events. 8, 30 Although these devices show potential, no randomized clinical studies to date have evaluated the training method for using CPR-quality VisF devices in CPA. Furthermore, multicenter clinical trials to assess the effect of JIT CPR VisF training before CPA or realtime VisF during simulated or real in-hospital CPA have not been performed to our knowledge. In this study, we evaluated a novel JIT CPR training intervention that includes a video-based learning component and a practical credit card-sized CPR VisF device. We also evaluated the use of the CPR VisF device during simulated CPA. The VisF device captures and displays depth and rate of CCs during CPR practice and CPA. We used explicit methods to deploy a standardized simulated CPA scenario, carefully trained and scripted confederate actors, and captured quantitative CPR data across 10 International Network for Simulation-Based Pediatric Innovation, Research, & Education (INSPIRE) institutions to describe the quality of CPR. The primary objective was to determine whether the use of JIT CPR training with VisF before CPA or realtime VisF during simulated CPA improves the quality of CPR.
Methods
Research ethics board approval was obtained at all sites. Written informed consent was obtained from all participants. We conducted a multicenter, prospective, randomized, clinical 2 × 2 factorial-design trial with explicit simulation-based research methods 31 to assess the quality of CCs performed during simulated CPA. Our 2 interventions were (1) JIT standardized, brief CPR training with video and VisF before simulated CPA and (2) real-time VisF during simulated CPA.
Study Participants
Inclusion and exclusion criteria are described in the eMethods in the Supplement. Participants were recruited from 10 tertiary care centers (eTable 1 in the Supplement) into teams of 3, with one individual preassigned to the role of team leader to oversee the resuscitation efforts and 2 others assigned as team members expected to perform CCs. Participants included medical students, resident and fellow physicians, nurses and nurse practitioners.
Interventions
VisF Device A prototype practical, CPR-quality VisF device (CPRcard; Laerdal Corporation) measuring the size of a credit card (55 × 85 × 1 mm) and placed on the middle of the chest uses accelerometer technology to record and display depth and rate of CCs (eFigure 1 in the Supplement). The device provides real-time VisF via light-emitting diodes for CC depth and rate. The CC rate is indicated by a set of 3 light-emitting diodes set at rates of less than 100, 100 to 120, and greater than 120 compressions per minute, while compression depth is indicated by separate lights set at depths of less than 40 mm (inadequate), 40 to 50 mm (infant), 50 to 70 mm (child or adult on a hard surface), and greater than 70 mm (child or adult on a soft surface). The CPRcard has undergone verification testing using a mechanical device subjecting it to controlled horizontal movements (with accurate depth and rate measurement), which demonstrated variation between −5.9% and 1.4% of target depth and ±3 compressions per minute of target rate (J. Eilledge, Laerdal Corporation, e-mail communication, August 28, 2014).
JIT CPR VisF Training Before CPA The JIT CPR training comprised the following 2 components: a 5-minute standardized CPR training video, followed by 2 minutes of practice (per team member) with VisF on depth and rate of CCs during practice (eMethods in the Supplement). Those participants randomized to the no-JIT CPR training study arms did not watch the video but practiced CPR for 2 minutes with no VisF.
Outcome Measures
Data were collected from the VisF device, including CC depth, CC rate, and CC fraction (CCF) averaged over the entire 12-minute duration of the simulated CPA event.
Primary Outcome Measure
The primary outcome measure was CC depth. The proportion of CCs during each 12-minute simulated CPA with depth exceeding 50 mm was measured. No participant was a member of more than 1 team. Randomization occurred at the level of the team, was stratified by study site, and was conducted in blocks of 4 to ensure equal numbers of teams and participants across the study arms (eMethods in the Supplement).
Standardized Simulated Scenarios, Confederate Actors, and the Simulation Environment After randomization, all participants were given a standardized video orientation to the research study, followed by (1) 2 minutes of CPR practice for each team member, with or without JIT CPR training; (2) a pediatric septic shock simulation scenario; and (3) a pediatric simulated CPA scenario (eTable 2 and eFigure 2 in the Supplement). We standardized all elements of the simulation across sites and verified this by video review to minimize the simulation-specific threats to internal validity. 31 All recruitment sites used an identical pediatric manikin (SimJunior; Laerdal Corporation) specifically designed and calibrated for CPR training (spring constant, 4.46 kg/cm; 22.3 kg of force required to press to 5 cm; and maximum compression depth of 7 cm). A 15-minute standardized septic shock scenario was conducted for all participants to minimize the Hawthorne effect of being videotaped, orient the team to the simulation environment, and draw attention away from CPR. The sepsis scenario was followed by a 10-minute debriefing with a focus on aspects of clinical care and teamwork (with no discussion of CPR). Next, a standardized 12-minute pediatric CPA scenario was conducted to collect data, depicting a 5-year-old child with pulseless electrical activity progressing to ventricular fibrillation. The VisF device was secured to the center of the manikin's chest, but in study arms 1 and 3, the light-emitting diode lights were covered so that participants did not receive VisF during CPR. To ensure standardized delivery of the scenario, a preprogrammed scenario and a detailed scenario script were used at all sites (eMethods in the Supplement). Confederate actors were trained in a standardized fashion (eMethods in the Supplement) to play the scripted roles of respiratory therapist and medication nurse, both of whom were instructed not to perform CPR. We standardized the equipment and the location of the defibrillator and medication cart across sites. The simulator was placed on a hard stretcher with no mattress to eliminate mattress compressibility as a confounding variable. 34 We verified compliance with this method by (1) centralized review of one prestudy pilot session from each institution and (2) centralized review of all study videotapes (eMethods in the Supplement).
Sample Size
The sample size calculation assumed that the main effects of the 2 different interventions on the proportion of CC depth meeting AHA standards would comprise the 2 primary comparisons. Hence, allowing for Bonferroni adjustment, P < .025 was considered statistically significant for each of these 2 comparisons. For the sample size calculation, additivity of the intervention effects was assumed, with a plan to check this assumption in the analysis. The proportion of CCs meeting AHA standards for depth among health care professionals deprived of CPR feedback and JIT CPR training (control) has been reported to be approximately 60%, with an SD of approximately 25%. 16 Assuming similar variability among teams receiving either intervention to detect a 15% difference in CCs meeting AHA standards for depth between the control team and the teams receiving each of the interventions with 80% power at α = .025 for each of the 2 primary comparisons, the required sample size would be 108 teams (27 per study arm). Based on prior experience with multicenter, simulation-based research, 35 we estimated that 15% of the groups would be excluded owing to technical issues with data acquisition (16 teams), so we aimed to recruit 124 teams in total (31 per study arm).
Statistical Analysis
All data analyses were performed using statistical software (SPSS Statistics 21; IBM Corporation). Using team CC performance as the unit of measure, CPR event summaries of CC depth, CC rate, and CCF were calculated for each of 4 study arms. We used multivariable linear regression analysis to assess the effects of JIT CPR training or VisF on the primary and secondary outcome measures by including 2 intervention variables (JIT CPR training and VisF) and the interaction term (JIT CPR training × VisF) in the model. Recognizing that the effects could be nonadditive (whether or not the interaction test is statistically significant), we also report on the effect of each intervention at each level of the other intervention. All estimates of intervention effects are reported as differences in means and 95% CIs, with no adjustment for multiple comparisons.
Results

Study Population
In total, 124 teams (372 participants) were recruited from July 1, 2012, to April 15, 2014. Sixteen teams (48 participants) were excluded from the study because of technical issues (eg, the VisF device was not turned on at the appropriate time, or the VisF device was inadvertently shut off part way through the scenario [13 teams, 39 participants]) or because of a violation of the study protocol (eg, a mattress was used during simulated CPA [3 teams, 9 participants]). Data from the remaining 108 teams (324 participants) were included in the analysis (Figure 1) . No significant difference was found in the demographic characteristics of the participants between the study arms at baseline ( Table 1) . The results were not significantly different in a sensitivity analysis that adjusted for clustering within centers. The use of JIT CPR training before CPA resulted in a 19.9% (95% CI, 11.1%-28.7%; P < .001) absolute increase (ie, an 86.3% relative increase) in CC depth compliance compared with no JIT (Table 2 ) and a 12.0% (95% CI, 0.8%-23.2%; P = .04) absolute increase (ie, a 25.0% relative increase) in compliance with rate guidelines (Table 3 ). The CCF was uniformly high, and no significant increase in CCF was found with the use of JIT CPR training (eTable 3 in the Supplement).
VisF vs No VisF During CPA
The use of real-time VisF during CPA resulted in a 15.4% (95% CI, 6.6%-24.2%; P = .001) absolute increase (ie, a 60.9% relative increase) in CC depth compliance and a 40.1% (95% CI, 28.8%-51.3%; P < .001) absolute increase (ie, a 118.3% relative increase) in CC rate compliance compared with no VisF. The CCF was uniformly high, and no significant increase in CCF was found with the use of real-time VisF (eTable 3 in the Supplement). Figure 2 shows the main effect of JIT CPR training before CPA and VisF during CPA on the quality of CPR. 
Discussion
This prospective, randomized clinical study evaluated the effect of JIT CPR training before CPA and real-time VisF during CPA on the quality of CPR across multiple institutions. Our results showed that certified health care professionals struggle to provide guideline-compliant CCs during CPA in a simulated, team-based environment. We demonstrated that JIT CPR training before CPA or real-time VisF during CPR, alone or in combination, improves compliance with AHA guidelines for CPR quality. Two previous simulator-based studies with single rescuers demonstrated poor quality of CPR, 36,37 with deterioration of CC quality following training. 37 Pediatric health care professionals in a tertiary care center struggled to achieve AHA guidelines when performing CPR on real patients. 8,15-17 While the performance of CPR in our control group was poor for CC depth and rate, the JIT and VisF-trained group had better CC quality than those who had received bedside JIT CPR training with no video component [25] [26] [27] and those who had real-time VisF during the performance of CPR on real pediatric patients.
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JIT CPR Training
The JIT CPR training before CPA, or training defined as "a training session conducted directly prior to … and at/near the site of the potential intervention," 25(p910) has emerged as a potential solution to address the poor retention of CPR skills after basic life support education. [10] [11] [12] The provision of frequent JIT CPR training with integrated feedback (and no video-based learning) has been shown to improve the time to achieve CPR skills success and retention of CPR skills. [25] [26] [27] [28] In a study of adults, Bobrow et al 38 showed that the use of real-time feedback during resuscitation training improved CPR quality and survival in patients with out-of-hospital CPA. Recently, the AHA has announced the launch of the Resuscitation Quality Improvement program, 39 consisting of JIT CPR training with integrated feedback and video-based learning. The widespread uptake of this program may eventually replace traditional basic life support training for health care professionals. To our knowledge, our study is to first to date to evaluate JIT CPR training with integrated video-based learning and VisF before CPA in a manner mirroring the design of the AHA's Resuscitation Quality Improvement program. 39 We found significant improvements in CC depth and rate with a brief, focused JIT training session, establishing proof of concept supportive of this design. This evidence supports the implementation of JIT training in clinical environments where CPA is more common (eg, the intensive care unit). The timing, intensity, and frequency of JIT CPR training, as well as the minimally required cutoff for CPR competency, are variables that should be explored in future research to guide the design of JIT CPR training programs. 
Visual Feedback
Limitations
Despite the attention to multicenter standardization, 31 our study had several limitations. We had one simulated CPA scenario, with 2 team members providing CPR. As such, the results of our study reflect this specific simulated context, making it difficult to predict if our results are directly generalizable to patient care. We had 45 minutes between JIT CPR training and the CPA scenario, while in a real clinical environment, the delay between JIT CPR training and the provision of CPR is unpredictable. Furthermore, participants in the JIT CPR training groups received only one JIT training session. The eventual quality of CPR provided was likely influenced by these factors (ie, the time delay between JIT training and a CPR event and the frequency of JIT training). We excluded participants who had previous experience with CPR feedback devices from our study to remove this as a confounding variable. As such, the effect of the identical interventions on health care professionals with previous experience using CPR feedback devices was not assessed. We believe that the results of our study are generalizable to similar health care professionals naive to CPR feedback devices across a broad spectrum of geographic locations. Because of limitations in VisF technology, we did not collect data for several variables such as ventilation rate, tidal volume, and residual leaning force. Last, we executed an intentto-treat analysis. Variable compliance with VisF may have affected the results but would have imparted selection and ascertainment bias on the analysis.
